In this research, changes in volatile compounds of olive oil were investigated in terms of cultivar, harvest year, and geographic regions (Mediterranean, Aegean, Southeastern Anatolia, Marmara, and Black Sea) were investigated. Volatile compounds of olive oils were extracted by using solid-phase microextraction (SPME) method and were identified with gas chromatography-mass spectrometry. A total of 59 volatile compounds from seven different chemical groups including aldehydes, ketones, hydrocarbons, alcohols, esters, terpenes, and furans were identified. Aldehydes were detected as the major group in all geographic regions. Among aldehydes, trans-2-hexenal was found to be relatively higher. Alcohols and esters were determined as other important compounds. While many volatile compounds were affected by olive cultivar factor, this factor had no significant effect on esters. Principal component analysis showed that volatile compounds could play an important role in the separation of regions.
Introduction
Olive oil, one of the oldest known oils, is generally produced in the Mediterranean basin, contains essential fatty acids and fat-soluble vitamins, and has its own taste and odor as well as a high digestibility degree and calorie value. [1] Volatile compounds have a significant role in the aroma of olive oils. While a part of the volatile compounds in olive oil is comprised during the ripening of the fruit, a significant proportion is formed as result of enzymatic and chemical reactions, which occur during the oil processing. Enzymatic reactions influence especially in the formation of the compounds, which are responsible for the oil aroma, through lipoxygenase, whereas unpleasent odor compounds are generally formed by chemical oxidation reactions (oxidative rancidity). [2] Important volatile compounds of quality olive oil are aldehydes, alcohols, esters, aromatic and aliphatic hydrocarbons, ketones, and furans. The composition of these compounds differs depending on the enzyme activity. [3] Other factors that influence the volatile composition are cultivar, [3] [4] [5] ripeness, [6] climate, region, [3, 4] altitude, [6] and technological factors (harvest, olive storage, washing, crushing, malaxing, extraction processes, and storage). The amount of the volatile compounds in olive oil is also related to the sensory quality.
the fatty acid composition of the olive oil [10, 11] and antioxidant substances. [12, 13] The researches on the volatile compound profile of the olive oil produced in Turkey have been carried out only for certain cultivars [4, [14] [15] [16] [17] and regions. [4, 6, 10, 16, 18] However, there are no extensive studies available for the volatile compounds of oil obtained from olives grown in different regions. In this study, the olive cultivars, which were commonly produced from five different geographic regions of Turkey, were harvested in two different harvest years and analyzed in terms of volatile compounds after being processed to the oil.
Materials and methods

Material
The olive fruits used in the research were provided from five geographic regions (Table 1 ). The samples were taken in November 2010 and 2011. In total, 50 samples-five cultivars from each region-were collected in two harvest years and processed to olive oil in the agricultural facilities located in the regions, where the samples had been taken from, through the three-phase extraction method. 500 mL was taken from each olive oil sample, put into brown glass bottles, and kept in dark until the analysis.
Volatile profile
The extraction of volatile compounds was done by using solid-phase microextraction (SPME) technique according to the method described. [3] Gas chromatography-mass spectrometry (GC/MS) was used to analyze the volatile compounds of olive oil samples. 20 g of olive oil sample was placed into a 40 mL SPME vial (Supelco, Bellefonte, PA, USA) sealed with a polytetrafluoroethylene-faced silicone septum (Supelco, Bellefonte, PA, USA). The vial was left at 45°C in a thermoblock (Supelco, Bellefonte, PA, USA) during 90 min with magnetic stirring . The DVB/CAR/PDMS fiber (50/30 µm, Supelco) which was absorbed by the volatile compounds was thermally desorbed into the injection port of the gas chromatography for 6 min at 250°C. The injector port was in the splitless mode. The volatile compounds were seperated on a HP-1 (Agilent, 50 m, 0.2 mm i.d., 0.55 μm film) column under the following conditions: helium flow rate, 1 mL/min; oven temperature programs, 1 min at 45°C, from 45°C to 230°C with a rate of 3°C min, held for 5 min at 230°C; detector and GC-MS interface temperatures, 250 and 280°C, respectively. Electron impact mass spectra were recorded at 70 eV, and data were acquired across the mass range 30-400 amu. Identification of volatile compounds was based on a comparison of the results with mass spectra from a database developed by NIST and WILEY or standards molecules (for calculating Kovats index, Supelco 44585-U, Bellefonte PA, USA).
Statistical analysis
The research was designed and carried out on the basis of the nested classification model considering five different regions, five cultivars from each region, and two harvest years. Research data were subjected to analysis of variance using the package program (IBM SPSS Statistics, version 20, Inc., Chicago, USA), and significant variation sources were compared by Duncan's multiple range test. The relationship between volatile compounds depending on cultivars, harvest year, and regions was also evaluated by principal component analysis (PCA) using Unscrambler v10. 01. (Como Process, A. S., Norway). In PCA, the size of data matrix was 50 × 29.
Result and discussion
Averages and statistical analysis results related to volatile compounds of olive oil samples, obtained from olive cultivars in different geographic regions, are given in Table 2 . Thirteen different aldehydes were detected in the samples, and the trans-2-hexenal was the major compound among those compounds in all the regions. While compound differences between the cultivars in the regions were found to be insignificant (P˃0.05), harvest year had a statistically significant effect on trans-2-hexenal (P˂0.01) ( Table 2 ). The highest average of trans-2-hexenal was observed in the Aegean region. It was also reported in some studies that trans-2-hexenal is quite important in olive oil aroma profiles. [1, [4] [5] [6] [15] [16] [17] [18] [19] [20] Among the aldehydes, hexanal, following trans-2-hexenal except Mediterranean region, was another important compound ( Table 2 ). Runcio et al. [21] reported that trans-2-hexenal was the compound mostly found in the volatile compound profile following hexanal in oils of some olive cultivars that were grown in Italy. The harvest year factor did not have any important effects (P˃0.05) on the amount of hexanal, which is one of the 6-carbon aldehydes formed through the lipoxygenase pathway. On the other side, some differences were found out between the cultivars in terms of hexanal (Table 2 ). In the present study, the lowest peak area amount of hexanal was detected in the Black Sea region. In our other study on same samples, it was also determined that the Black Sea region showed the lowest linolenic acid content. [22] Moreover, in another study conducted on same samples, it was demonstrated that K 232 and K 270 , primer and seconder oxidation pathways, respectively, showed the lowest values in Black Sea region. [7] These results indicated that the formation of some volatile compounds is affected by fatty acid composition of olive oil.
Nonanal is another important compound among the aldehydes in terms of amount. Both the region and the year had a very significant effect (P˂0.01) on this compound, while cultivar had no significant effect (P˃0.05) ( Table 2) . Aldehydes appeared as a major group in this research. Similar results were found in some other studies as well. [3, 17] Besides, it was reported that the saturated carbonyl compounds such as nonanal, pentanal, heptanal, and hexanal were major compounds in the oxidized olive oil. [23, 24] In the research, four different ketones were identified in olive oil samples. The 6-methyl-5-hepten-2-one ratio showed high values among the ketones in all of the regions. The highest average value was detected in the Marmara region (Table 2 ). In total, 15 hydrocarbons were found in olive oil samples. Styrene had the highest average value among these compounds. 3-Ethyl-1,5-octadiene was found in higher proportions in the Aegean and Southeastern Anatolia regions. This compound was not affected by the year factor (P˃0.05). However, cultivar had a very significant effect (P˂0.01) on this compound. Toluene, octane, and 3-ethyl-1,5-octadiene were also detected in the research conducted by Kıralan et al., [6] and it was observed that the compounds like toluene, xylene, and ethyl benzene resulted from environmental contaminations.
Alcohols, which are among the 6-carbon compounds, have an important role in the characteristic aroma of olive oil. Alcohols are comprised of linoleic and linolenic acids enzymatically through the lipoxygenase pathway. [18] In total, 12 different alcohols were found in olive oil samples. Among the alcohols, 1-hexanol showed higher values in the Aegean and Southeastern Anatolia when compared to the other regions (Table 2) . Also, trans-3-hexen-1-ol showed a higher value in the Marmara region. Cavalli et al. [3] reported that cis-3-hexenol (2.9-4.6%), trans-2-hexenol (2.7-9.0%), and hexanol (3.6-7.8%) in the French (Cailletier and Blanquettier) and Spanish (Arbequines) olive oils were the most important compounds among the alcohols. 1-Penten-3-ol, 3-methyl-1-butanol and phenylethyl alcohol were found in a study on the olives of Gemlik cultivar by Kıralan et al. [6] Gomez-Rico et al. [25] determined 1-hexanol, cis-3-hexen-1-ol and trans-2-hexen-1-ol, which are 6-carbon alcohols, in different cultivars. Ilyasoğlu et al. [18] also detected hexanol, cis-3-hexenol, and cis-2-hexenol in the olive oil produced from the Ayvalık and Memecik cultivars. In some other researches, different alcohols were found in varied proportions depending on the cultivar and the Table 2 . Overall effect of region, cultivar, and harvest year factors on volatile compounds of olive oil (means ± SD) (AU×10 harvest year. [16, 23, [25] [26] [27] [28] Moreover, it was specified that volatile alcohols such as propanol, amyl alcohol, 2-hexenol, 2-hexanol and heptanol, and volatile aldehydes such as octanal, nonanal, and 2-hexanal could be used in the characterization of the olive cultivar. [23] Besides aldehydes and alcohols, esters are also important for the characteristic aroma of olive oil. Six different ester compounds were found and hexyl acetate had the highest amount. Both the region and the year had a significant effect (P˂0.01) on this compound. When esters were generally evaluated, it was concluded that the Marmara and the Aegean regions came into prominence. Krichene et al. [19] identified cis-3-hexenyl acetate and hexyl acetate in some Tunisian olive oil samples. In another study, three different esters (cis-3-hexenyl acetate, hexyl acetate, and ethyl-2-methyl butanoate) were detected in Gemlik olive oil. [4] In a research on Greek olive oil, it was determined that esters showed lower values than aldehydes and ketones, and hexyl and cis-3-hexenyl acetate constituted a significant part of the esters. [20] As terpenes, α-farnesene, p-ocimene, D-limonene, α-cubebene, zingiberene, trans-allocimene, trans-α-bergamoten, and β-sesquiphellandrene were identified in olive oil samples. Both the region and the cultivar resulted in statistically significant differences (P˂0.01) on the α-farnesene, D-limonene, α-cubebene, trans-α-bargamoten, β-sesquiphellandrene, and zingiberene compounds. D-Limonene showed the highest average value in the Southeastern Anatolia, α-cubebene, and p-ocimene in the Aegean region, α-farnesene and trans-α-bargamoten in the Black Sea region, and β-sesquiphellandrene in the Mediterranean region (Table 2 ). Kaftan and Elmacı [16] detected many terpenes including limonene, zingiberene, allocimene, β-sesquiphellandrene, and α-farnesene in Memecik and Ayvalık cultivars of the Aegean region.
Only 2-octyl furan was found in olive oil samples. This compound was not found in the Aegean and the Marmara regions. Kıralan et al. [6] defined 2-ethyl furan and 2-pentyl furan in Gemlik olive oil samples obtained from different regions. Furans are colorless, lipophilic, and quite volatile compounds with low molecule weights. It is noted that furan formation from unsaturated fatty acids is associated with the lipid oxidation. [29] In this study, PCA was applied to assess the relationships between regions and chemical groups of volatile compounds (Fig. 1) , the differences between volatile compounds depending on the region (Fig. 2) , and also the effects of harvest year on cultivar (Fig. 3) . Biplot in Fig. 1 showed that the Aegean and Southeastern regions located at positive side on PC1 (73%) for alcohols, ketones, esters, hydrocarbons, terpenes, and aldehydes except furans. On the other hand, the Aegean and the Marmara regions located at positive side on PC2 (26%) for all of chemical groups except terpenes and furans. The Black sea and the Mediterranean regions were negative correlation with both PC1 and PC2.
Two principal components were able to explain 85%, 75%, 88%, 90%, and 90% of the total variance observed in the Mediterranean, the Aegean, Southeastern Anatolia, the Marmara, and the Black Sea, respectively (Fig. 2) . In the Mediterranean region, aldehydes are located at the positive side, while alcohols correlated with negative side of PC1. On the other hand, all of alcohols and aldehydes except 1-hexanol and trans-2-decenal are placed at the positive side of PC2 for the Aegean region. It was observed that volatile compounds are located intensely at positive side on PC2 for Southeastern Anatolia region. While similar results were determined for the Black Sea region, the Marmara region showed unlike results (Fig. 2) .
The results of PCA at different harvest years of cultivars to each region are given in Fig. 3 . Two principal components were able to explain 64% (Fig. 3) . The cultivars are located generally at negative side of PC1 and at the positive side of PC2 at the first harvest year, while cultivar was very variable at the second harvest year (Fig. 3.) . The same cultivar can give different results in different regions and at different years. For example, Gemlik cultivar gave different results in the second harvest year in the Marmara region than the Mediterranean and the Aegean regions, while similar results were observed in the first harvest year in all three regions. This situation can be seen in Fig. 3 . It is also added to the manuscript. Being said that, same cultivars belonging to different regions also gave different results. For example, Gemlik variety was localized at a quite different position in the Marmara region at the second harvest year when compared to the Mediterranean region. In the contrary, the same variety gave similar results in different regions at the first harvest year.
Consequently, it has been determined that aldehydes play an important role within the volatile compound profile in all the regions and trans-2-hexenal is a major compound. The alcohols and esters follow aldehydes are not affected by the cultivar factor. As another important result, it is found that cultivar factor on the volatile profile is more effective than the harvest year.
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